Tail elongation in the polygynous widowbirds (Euplectes spp.) has evoked both adaptive and non-adaptive explanations. Female choice has been shown in the three longest tailed species (20-50 cm), whereas an agonistic function was proposed for a medium-tailed (10 cm) widowbird. To test the generality and directionality of sexual selection on tail length in widowbirds, we experimentally investigated selection in the relatively short-tailed (7 cm) red-shouldered widowbirds (E. axillaris). Prior to territory establishment, males were assigned to four tail-treatment groups; control, short, long and supernormal (similar to a sympatric long-tailed congener). No effects on male competition were detected as the groups were equally successful in acquiring territories of similar size and quality. However, mating success among the 92 territorial males was strongly skewed in favour of supernormal-tailed males (62% of active nests; 5.2 ± 1.3 nests per territory). Long-tailed males also acquired more nests (1.9 ± 0.7) than control (0.7 ± 0.5) and short-tailed (0.5 ± 0.3) males, while the latter two groups did not differ signi cantly. These results support a general, open-ended female preference for long tails in widowbirds and may represent a receiver bias that arose early in their divergence from the short-tailed weaverbirds (Ploceinae).
INTRODUCTION
The extreme variation in tail elongation among the male breeding plumages of the highly polygynous and ecologically similar African widowbirds Euplectes spp. (Craig 1980; ) is a striking example of enigmatic diversity in ornament expression. Male tail length varies from the relatively short tails (7 cm) of yellow-rumped (E. capensis) and red-shouldered widowbirds (E. axillaris) to 50 cm in the long-tailed widowbird E. progne. The function of this signal has evoked both adaptive and non-adaptive explanations (Savalli 1993 (Savalli , 1995 Craig & Villet 1998) , but many of the basic assumptions remain inconclusively tested. One of the main questions concerns the generality of directional female preferences for elongated tails. Female choice of long tails was initially demonstrated in long-tailed widowbirds (Andersson 1982) and has subsequently been shown in the lekking Jackson's widowbird E. jacksoni (Andersson 1989 (Andersson , 1992 ) and territorial red-collared widowbirds E. ardens (Pryke et al. 2001 (tail 22 cm) ). By contrast, tail length in the medium-tailed (10 cm) yellow-shouldered widowbird (E. macrourus) seemed to function in male competition for territories rather than female choice (Savalli 1994a,b) . Furthermore, other selective forces, such as stabilizing selection, may have contributed to the diverse tail variation among the widowbirds. For example, Savalli (1995) suggested that tail length might be constrained by species recognition in areas of sympatry with longer tailed congeners. However, only one of the two investigated species pairs showed character divergence and only in a positive direction (i.e. one of the widowbirds had longer tails in sympatry than in allopatry).
To differentiate between the debated functions of tail elongation, we examined the selection pressures on tail length in one of the shortest-tailed species, the redshouldered widowbird (tail ca. 7 cm). Like other widowbirds, the male has pronounced sexual and seasonal dimorphism, and moults from a cryptic sparrow-brown non-breeding plumage into a black nuptial plumage with a short tail and red carotenoid-based epaulettes (lesser wing coverts). During the breeding season, these birds are territorial and inhabit marsh and grassland areas in central and southern Africa. In ight display, the male has a slow, bouncy 'rowing' action with exaggerated wing beats and a folded tail. On their territories, males build numerous coarse nest frames ('cock's nests'), which the females line with ner grass, and then incubate and feed the nestlings alone.
In this study, we experimentally manipulated male redshouldered widowbird tails both within the natural range (i.e. short, average and long) and far beyond, creating a supernormal tail similar in length to that of the sympatric red-collared widowbirds. As described by Tinbergen (1948) in early ethological literature, and recently explored in arti cial neural networks (e.g. Enquist & Arak 1998) , supernormal stimuli often elicit stronger receiver responses than the natural range of stimuli to which the receiver is genetically or phenotypically adapted. For example, if tail length is subject to sexual selection, males displaying supernormal tails may be more dominant in male-male contests or attract more females. Furthermore, if supernormal stimuli greatly exceed (by several s.d.) the natural range, a strong response indicates that generalized preferences and receiver biases alone might be suf cient to cause and maintain signal exaggeration (e.g. Enquist & Arak 1998) , i.e. without invoking Fisherian or 'good genes' coevolution between the preference and signal.
By contrast, females are also under strong selection to avoid heterospeci c mating. If tail length is an essential component of species recognition, and if 'supernormal' tail length in one species is 'normal' to another species with which hybrid matings might occur, females should avoid or at least be indifferent to a supernormal tail compared with trait values within or closer to the conspeci c variation. By simultaneously, and under natural signal conditions (i.e. a eld experiment), exploring the responses to both 'normal' and 'supernormal' tail manipulations (resembling the sympatric red-collared widowbird), this study provides a direct test of stabilizing constraints arising from species recognition versus directional sexual selection for elaborate male tails.
METHODS (a) Morphological analysis
The experiment was carried out on a population of redshouldered widowbirds in the Balgowan district, KwaZuluNatal, South Africa, between early December 2001 and March 2002. Males were captured with mist nets at night roosts and marked with an aluminium ring and three unique colour bands. Measurements of wing chord (to the nearest 0.5 mm), culmen (to the nearest 0.1 mm), tarsus (to the nearest 0.1 mm), tail length (to the nearest 0.1 mm) before and after manipulation, and mass (to the nearest 0.5 g) were taken. Because the three linear measures of body size (tarsus, culmen and wing) were intercorrelated, the rst components of a principal components analysis, explaining 81.7% of the variance, were used to extract an independent measure of body size. An index of body condition was estimated from the residuals of the linear regression of log(body mass) on 3log(tarsus length) (S. . Epaulette size was calculated (to the nearest 0.1 mm) as the product of the maximum length and the average of three maximum breadth measures (perpendicular to the length) with the wing closed. The repeatability of each morphological measurement was tested in recaptured birds and all of these were highly signi cant (r = 0.86-0.97, F 64,138 = 22.3-79.1, p , 0.001 (Lessells & Boag 1987) Spectral re ectance (at 2 nm resolution) from the red epaulette was measured with an S2000 spectrometer (Ocean Optics, Dunedin, USA), using an HL2000 halogen light source and a bre optic re ectance probe. The probe was held perpendicularly against the plumage and ve scans from the centre of the epaulette were taken and averaged for each individual. Using the C-spec software (Ancal, Las Vegas, USA) re ectance was measured as the proportion of light re ected in relation to a WS-2 white standard (more than 98% re ectance across the measuring range).
Objective indices of the three main dimensions of colour perception (spectral intensity, location and purity) were computed from the raw spectral re ectance data and then averaged for each individual. 'Brightness' (spectral intensity) was estimated by R 350-700 , the sum of re ectance from 350-700 nm. 'Hue' (spectral intensity) was estimated as l(R 50 ), the wavelength at which re ectance is halfway between its minimum (R min ) and maximum (R max ). 'Chroma' (spectral purity) is based on several aspects, such as re ectance slope height and steepness. To incorporate both of these spectral shape aspects, we used a segment-based estimate that compares the re ectance above and below l(R 50 ), divided by R av (average re ectance) to control for brightness, i.e.
Details on further methods and analysis of re ectance data are provided in Pryke et al. (2001) .
(c) Behavioural and territory characteristics
Territorial males were observed for 30 min weekly over a 13 week period when the males defended their breeding territories.Observations were randomized and all activities and their durations were continuously recorded with the time given to the nearest 5 s. Data on the time spent on the territory (min 2 1 ) and display rates (min 2 1 ) were extracted for analysis. The territories of resident males were mapped using the minimum convex polygon method and updated every 14 days. The males defended territories (mean ± s.d. = 0.17 ± 0.05 ha, n = 92) that were either isolated from one another or contiguous with other territories within the grasslands (further details from S. R. Pryke and S. Andersson, unpublished data) .
Although there are a variety of territory characteristics that have been shown to in uence female mate choice (e.g. Eckert & Weatherhead 1987; Aebischer et al. 1996) , vegetation type is the most obvious and striking difference between the territories used by red-shouldered widowbirds in this study. Because males provide females with nothing except nest frames and gametes, nest site availability is likely to be the important territory characteristic. The vegetation type, mean density (on a rank scale from zero to 10) and height (cm) within each territory were estimated as a measure of habitat quality and nesting suitability. Vegetation measurements were taken fortnightly at xed sampling points situated 20 m apart on 50 m transects across the study area and averaged for the nesting season.
Throughout the study, nests were counted daily to register new cock's nests and active nests on the territories. Nests were then checked every third day to monitor progress.
(d ) Tail manipulations
Male tail lengths were altered by cutting all 12 rectrices through the shaft with a scalpel four centimetres from the tail base. Each apical piece was then replaced with an appropriate feather length from red-collared widowbird tails, by inserting a minutien pin (FST, Vancouver, Canada) into the shaft of the two feather sections and gluing them in place with superglue (Yanlan Products, Fuzhou, China). Treatments were sequentially assigned to males as they were captured (i.e. randomly assigned with respect to all other attributes) to produce short, long, supernormal and control-tailed males. Short-tailed males (n = 30) had their tails shortened to the lower limits of the natural population variation and approximately the same length of immature and non-breeding plumaged males (before: mean ± s.d. = 71.6 ± 2.4 mm; after: 60 ± 1.1 mm). Long-tailed males (n = 30) had their tails lengthened to the upper range of the population (before: 67.8 ± 2.9 mm, after: 80 ± 0.4 mm). Supernormal-tailed males (n = 29) had their tails lengthened similar to those of male red-collared widowbirds (before: 70.3 ± 2.1 mm; after: 220 ± 0.9 mm). To control for the effects of both tail manipulation and adding red-collared widowbird tail feathers to red-shouldered widowbirds, the control-tailed males (n = 30) had their tails manipulated with red-collared widowbird feathers to equal that of the population mean (before: 68.7 ± 3.2 mm, after: 70 ± 0.5 mm). Pre-treatment tail lengths did not differ among the treatment groups (Kruskal-Wallis test, H 30,30,29,30 = 3.74, p = 0.51).
(e) Male reproductive success
The number of nesting females (i.e. nests with eggs or nestlings) on a male's territory was used as a measure of his reproductive success, as males with more active nests on their territories had signi cantly more nestlings (Spearman's r s = 0.82, n = 159, p , 0.001) and edglings (Spearman's r s = 0.90, n = 44, p , 0.001). Social mating success could, however, be counteracted by extra-pair (or 'extra-harem') fertilizations (EPC). The frequency is unknown in the red-shouldered widowbird, but it is relatively low in the red bishop (E. orix), where in addition, the number of nestlings sired is strongly related to the number of nests on a territory (Friedl & Klump 1999) . Furthermore, as females obtain little more than genes from their mates, it seems unlikely that EPC mate choice criteria would be different from social mate choice.
Proc. R. Soc. Lond. B (2002) (f ) Statistical analysis
Multivariate analyses of variance (MANOVA) were used to test whether male morphology and territorial behaviours differed among the four treatment groups. Scheffè's multiple comparison contrasts were used to examine which speci c treatments differed from one another. As the residuals were normal with homoscedastic variances, no transformations were required. Nonparametric tests were used when the assumptions of parametric tests were violated.
RESULTS

(a) Variation in male traits
As female choice depends on there being suf cient intrapopulation variation for females to visually perceive differences between male characteristics, coef cients of variation were calculated. Body size traits exhibited coefcients of variation of 3-6%, typical for morphological characters that are not sexually selected (e.g. Alatalo et al. 1988; Evans & Barnard 1995) , whereas territory and behavioural characteristics were considerably more variable (9-30%). Tail length (mean ± s.d. = 70.3 ± 3.48 mm, range = 59.4-81.1 mm), however, was relatively invariable (5%) in contrast to the four previously studied widowbird species with coef cients of variation of 5-17% for tail length, as compared with 2-6% for body measurements (Andersson 1982 (Andersson , 1993 Craig 1989; Savalli 1994a; Pryke et al. 2001 ).
(b) Tail manipulation and territory and morphological characteristics Males were manipulated prior to establishing territories in the area (when male competition is probably the most intense). There was no difference between the tailmanipulated groups in territory establishment, as 25 short, 23 control, 23 long and 21 supernormal-tailed males established breeding territories in the area (x 2 = 1.69, d.f. = 3, p = 0.64). Similarly, there was no difference in territorial characteristics between the treatment groups (MANOVA, Wilks' l = 0.94, F 1 8 ,2 3 5 = 0.37, p = 0.97; table 1). Neither did habitat quality (vegetation type and density), production of cock's nests or territory size, differ among the groups (table 1). Territory size was also unrelated to territory quality: the vegetation types most frequently used for feeding and nesting in, did not correlate with territory size (Spearman's r s , 0.1 for all comparisons).
Overall male behaviour (time on territory and display rate) did not differ among the groups (table 1), however, there was a signi cant interaction between display rate and treatment group (F 6 ,17 6 = 5.23, p = 0.04), with supernormal-tailed males tending to display less than males in the other groups (Scheffè test, p , 0.01).
Morphological characters may also affect territory establishment and male reproductive success. However, male morphology (body size, initial tail length and body condition) and epaulette size and colorimetrics were similar among all males (MANOVA, Wilks' l = 0.87, F 2 1 ,3 1 4 = 0.62, p = 0.65; table 1).
(c) Tail manipulation and male reproductive success The experimental tail elongations had strong and positive effects on male mating success ( gure 1), although male display intensity had no effect on female visitation rates to the territories (either within or between treatment groups; Spearman's r s = 0.32-1.24, n = 21-92, p = 0.21-0.74). Most strikingly, and despite their lower display rate (see above), the supernormal-tailed males attracted 110 of the 178 (62%) actively nesting females to their territories, which was signi cantly more than the males in the other treatment groups (Kruskal-Wallis test, H 2 5 ,2 3 ,2 3 ,2 1 = 46.72, p , 0.001; gure 1). Males with long tails (within the natural range) attracted signi cantly fewer females than the supernormal-tailed males (Mann-Whitney U-test twotailed, z = 4.85, n = 21, p , 0.001), but more than either the control-(z = 3.02, n = 23, p , 0.005) or short-tailed (z = 3.68, n = 23, p , 0.005) males. However, there was no signi cant difference between short-and control-tailed (z = 1.29, n = 23, p = 0.19) males.
DISCUSSION
Our results demonstrate a natural and open-ended female preference for longer tails in the red-shouldered widowbird. Because the most attractive supernormal manipulations (7 s.d. of the natural variation) mimicked the tails of the sympatric red-collared widowbirds, and even used rectrices from this species, it seems unlikely that species recognition constrains the evolution of tail length. This is also consistent with the weak support for character displacement in sympatric widowbird populations (Savalli 1995) . Furthermore, if tail length was a major cue in species recognition, female red-collared widowbirds, which were breeding close by, should at least occasionally be attracted to the supernormal-tailed red-shouldered widowbirds (displaying male red-collared widowbird tails). However, no female red-collared widowbird nests (easily distinguished by their different nest shape as well Proc. R. Soc. Lond. B (2002) as egg patterns) were found on red-shouldered widowbird territories.
The strong female preference for long tails in a shorttailed species indicates that there is a tail size generalization (see gure 1) that may have arisen from a general female bias for longer tails. The evolution of signal traits as exploitations of receiver biases has recently received a great deal of attention (reviewed in Endler & Basolo 1998) . Preferences for heterospeci c traits have been documented in shes (Basolo 1990 (Basolo , 1995 , frogs (Ryan & Rand 1990 and arthropods (Proctor 1992; McClintock & Uetz 1996) , all suggesting some kind of female pre-existing, sensory or cognitive biases (Endler & Basolo 1998; Ryan 1998) . Such biases can be hardwired 'side effects' of the cognitive architecture (e.g. Enquist & Arak 1993) or naturally selected adaptations to other sensory tasks such as foraging or predator avoidance (Endler & Basolo 1998) . Either way, demonstrating a receiver bias requires evidence that (i) it phylogenetically predates the evolution of the trait, and (ii) it is generally present in subsequently derived species in the taxon. Among the widowbirds, females in the three longest tailed species prefer males with longer tails (Andersson 1982 (Andersson , 1989 (Andersson , 1992 Pryke et al. 2001) . In addition, a preliminary phylogenetic analysis of the Euplectes (S. Andersson and A. Johansson, unpublished data) suggests that the shorttailed red-shouldered widowbirds are ancestral to the longer tailed widowbirds. Thus, the preference for long tails in the red-shouldered widowbird seems to support an ancient female bias that may have played a central part in the evolution of elaborate tails in widowbirds.
During the evolution of costly sexually selected signals and female preference for such signals, there are several, not mutually exclusive, possible processes of evolutionary change. Changes in signals and receivers can be genetically correlated (e.g. runaway and good genes models), such that an evolutionary change in the trait results in an evolutionary adjustment of the preference (M. . Alternatively, a receiver bias may arise before the signal that exploits it evolves (Basolo 1990; Enquist & Arak 1993; Ryan 1998) . While this explanation (similar to the coevolutionary models of mate preference) is theoretically capable of promoting the evolution and maintenance of costly ornamentation (Arak & Enquist 1995; Enquist & Arak 1998) , it seems likely that the two processes complement rather than exclude each other. In the widowbirds, preset female biases may have been responsible for the initial (and probably not very costly and 'honest') elaboration of tail length, which may have simultaneously or subsequently been reinforced in some species by adaptive mate choice through heritable attractiveness (Fisherian bene t), viability (good genes) or some combination of these that gives a net tness gain to the choosy female (Kokko et al. 2002) .
In contrast to natural and sexual selection pressures, genetic drift has also been proposed to explain the interspeci c variation in widowbird tail ornamentation (Savalli 1993; Craig & Villet 1998) . Drift may have played a part in the divergence of graduated widowbird tail lengths but it seems unlikely that anatomical traits of this magnitude, with obvious production costs (S. and hampered locomotion (Balmford et al. 1993; Norberg 1995) , could result from random processes alone. Sexual selection, in one form or another, is probably the main selective force behind tail elongation in widowbirds, with the divergence resulting from different balances between sexual and natural selection in the different species.
A major question thus raised from this study is why redshouldered widowbirds have not evolved a long tail in response to this strong female preference. There are a number of potential explanations. First, the tail length of red-shouldered widowbird males may have been unresponsive to sexual selection because of a lack of heritable variation in tail length. This might be manifested in the low phenotypic variability in tail length (coef cient of variation = 5%) compared with that of congeners: 6-9.4% in the long-tailed widowbird (Andersson 1982; Craig 1989) ; 12.5% in Jackson's widowbird (Andersson 1993) ; 5-8% in the yellow-shouldered widowbird (Savalli 1994a) ; and 17% in the red-collared widowbird (Pryke et al. 2001) . However, this is more likely a result of stronger condition dependence and environmental variation of longer tails, and there is no reason to suspect that genetic variation is, or initially was, less of a constraint in these species than in red-shouldered widowbirds. Second, female choice may target some other trait, directing attention away from the normally small (5%) variation in tail length. For example, mate choice criteria in other Euplectes species include the number of male-built nests on territories (E. orix (Friedl & Klump 1999) ; E. macrourus (Savalli 1994a) ), which also seems to in uence mating success in this species (S. R. Pryke and S. Andersson, unpublished data). In the longer tailed species the importance may (for one reason or another) have shifted from such territory components to tail length as the primary choice cue. Third, natural selection against tail elongation (from, for example, predation or energetic costs) may have been exceptionally strong in red-shouldered widowbirds. As regards predation, there were no observed predation attempts on arti cially tail-lengthened males and none of them disappeared during the season. Energetic constraints, however, might be particularly high in redshouldered widowbirds. Supernormal-tailed males had a lower display rate and were unstable in high winds (being twisted round by their tail when it caught the wind), indicating that the tail hampered locomotion. Increasing the long graduated tails of male widowbirds is likely to be physiologically (inferred from the frequent fault bars (S. Andersson 1994)) and aerodynamically costly (Balmford et al. 1993; Norberg 1995) . Similarly, carotenoid-based plumage (such as that of red epaulettes) has honestenforcing production costs due to the presumed costs of foraging, parasite-inhibited uptake and competing physiological functions (Olson & Owens 1998) . In red-collared widowbirds, a strong trade-off between carotenoid coloration (an agonistic signal) and tail length (an epigamic signal) indicates an allocation con ict between the two costly ornaments (which are simultaneously maintained through multiple receivers (Andersson et al. 2002) ). Despite the short tails of red-shouldered widowbirds, there is a similar trade-off between tail length and the red epaulette, likewise used in male contest signalling (S. R. Pryke and S. Andersson, unpublished data) . It is thus possible that the investment in agonistic signalling and territorial behaviour is strong enough in this species to con-strain tail growth or maintenance to almost no elongation compared with the non-breeding tail length.
In conclusion, the strong female preference for long tails in this short-tailed widowbird indicates that directional female choice, unconstrained by species recognition, is a general selective force behind the evolution of tail ornaments in the widowbirds. Given that the minimal tail elongation of the red-shouldered widowbird is an ancestral rather than derived character state, the experimentally revealed preference might represent a preset receiver bias that has sequentially or simultaneously been reinforced by indirect Fisherian or good genes bene ts in several species. The extreme diversity of widowbird tail elongation thus seems most likely to result from differences in constraints such as energetic costs and predation, or tradeoffs with investments in agonistic signalling.
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